Fermilab-Pub-05/250-E

Search for Large Extra Spatial Dimensions in Dimuon Production at DO

V.M. Abazov,?® B. Abbott,”? M. Abolins,®® B.S. Acharya,?® M. Adams,”® T. Adams,*® M. Agelou,'® J.-L. Agram,'’
S.H. Ahn,*! M. Ahsan,’” G.D. Alexeev,?® G. Alkhazov,?® A. Alton,%? G. Alverson,%! G.A. Alves,? M. Anastasoaie,>*
T. Andeen,? S. Anderson,** B. Andrieu,'” Y. Arnoud,'* A. Askew,*® B. Asman,*® A.C.S. Assis Jesus,’

O. Atramentov,®® C. Autermann,?! C. Avila,® F. Badaud,'® A. Baden,?® L. Bagby,®' B. Baldin,*® P.W. Balm,??
P. Banerjee,?? S. Banerjee,?? E. Barberis,®! P. Bargassa,”® P. Baringer,® C. Barnes,*? J. Barreto,? J.F. Bartlett,*’
U. Bassler,!” D. Bauer,®® A. Bean,?® S. Beauceron,'” M. Begalli,® M. Begel,%® A. Bellavance,% S.B. Beri,?”

G. Bernardi,!” R. Bernhard,*®* I. Bertram,*! M. Besancon,'® R. Beuselinck,*?> V.A. Bezzubov,?® P.C. Bhat,*’
V. Bhatnagar,?” M. Binder,?® C. Biscarat,*! K.M. Black,° I. Blackler,*?> G. Blazey,”! F. Blekman,*? S. Blessing,*®
D. Bloch,' U. Blumenschein,?® A. Boehnlein,*® O. Boeriu,?* T.A. Bolton,”” F. Borcherding,*® G. Borissov,*!
K. Bos,3® T. Bose,®” A. Brandt,” R. Brock,®® G. Brooijmans,®” A. Bross,*® N.J. Buchanan,*® D. Buchholz,??
M. Buehler,®® V. Buescher,?® S. Burdin,*® S. Burke,** T.H. Burnett,”® E. Busato,'” C.P. Buszello,*? J.M. Butler,5°
J. Cammin,%® S. Caron,3® W. Carvalho,? B.C.K. Casey,”® N.M. Cason,’* H. Castilla-Valdez,3? S. Chakrabarti,?°
D. Chakraborty,®® K.M. Chan,® A. Chandra,?® D. Chapin,”® F. Charles,'® E. Cheu,** D.K. Cho,%° S. Choi,*”
B. Choudhary,?® T. Christiansen,?® L. Christofek,?® D. Claes,®® B. Clément,'!® C. Clément,*° Y. Coadou,’

M. Cooke,”® W.E. Cooper,*? D. Coppage,®® M. Corcoran,”® A. Cothenet,'®> M.-C. Cousinou,'® B. Cox,*3
S. Crépé-Renaudin,'* D. Cutts,” H. da Motta,? M. Das,*® B. Davies,*! G. Davies,*? G.A. Davis,?? K. De,™
P. de Jong,?® S.J. de Jong,?* E. De La Cruz-Burelo,’? C. De Oliveira Martins,® S. Dean,*3 J.D. Degenhardt,%?
F. Déliot,'® M. Demarteau,*® R. Demina,%® P. Demine,'® D. Denisov,*® S.P. Denisov,?® S. Desai,’° H.T. Diehl,*°
M. Diesburg,*® M. Doidge,*! H. Dong,%° S. Doulas,’! L.V. Dudko,?” L. Duflot,'® S.R. Dugad,?® A. Duperrin,*®
J. Dyer,%% A. Dyshkant,! M. Eads,?! D. Edmunds,%® T. Edwards,*? J. Ellison,*” J. Elmsheuser,?> V.D. Elvira,*’
S. Eno,? P. Ermolov,3” O.V. Eroshin,?® J. Estrada,*® H. Evans,5” A. Evdokimov,?® V.N. Evdokimov,38
J. Fast,* S.N. Fatakia,%® L. Feligioni,®° A.V. Ferapontov,?® T. Ferbel,®® F. Fiedler,?® F. Filthaut,3* W. Fisher,*°
H.E. Fisk,*? 1. Fleck,?> M. Fortner,® H. Fox,?* S. Fu,*® S. Fuess,*® T. Gadfort,”® C.F. Galea,?* E. Gallas,*’

E. Galyaev,” C. Garcia,%® A. Garcia-Bellido,”® J. Gardner,’® V. Gavrilov,3% A. Gay,'® P. Gay,'® D. Gelé,!?

R. Gelhaus,*” K. Genser,*® C.E. Gerber,”® Y. Gershtein,*® D. Gillberg,” G. Ginther,%® T. Golling,?? N. Gollub,*°
B. Gémez,® K. Gounder,*® A. Goussiou,’* P.D. Grannis,’ S. Greder,> H. Greenlee,*® Z.D. Greenwood,®
E.M. Gregores,* Ph. Gris,'3 J.-F. Grivaz,'® L. Groer,5” S. Griinendahl,*® M.W. Griinewald,?° S.N. Gurzhiev,3®
G. Gutierrez,*® P. Gutierrez,”> A. Haas,5” N.J. Hadley,” S. Hagopian,*® 1. Hall,”> R.E. Hall,*6 C. Han,%? L. Han,”
K. Hanagaki,*® K. Harder,” A. Harel,?® R. Harrington,%' J.M. Hauptman,®® R. Hauser,®® J. Hays,>?> T. Hebbeker,?!
D. Hedin,®! J.M. Heinmiller,’® A.P. Heinson,*” U. Heintz,°° C. Hensel,® G. Hesketh,®! M.D. Hildreth,>*

R. Hirosky,”” J.D. Hobbs,%° B. Hoeneisen,'? M. Hohlfeld,?* S.J. Hong,?! R. Hooper,” P. Houben,?* Y. Hu,%

J. Huang,?® V. Hynek,” I Tashvili,*” R. Illingworth,%® A.S. Ito,* S. Jabeen,?® M. Jaffré,'6 S. Jain,”? V. Jain,™
K. Jakobs,?3 A. Jenkins,*? R. Jesik,*? K. Johns,** M. Johnson,*® A. Jonckheere,*® P. Jonsson,*? A. Juste,®’

D. Kifer,?! S. Kahn,”® E. Kajfasz,'®> A.M. Kalinin,?® J. Kalk,% D. Karmanov,3” J. Kasper,5° D. Kau,*®
R. Kaur,?” R. Kehoe,” S. Kermiche,'® S. Kesisoglou,”® A. Khanov,%® A. Kharchilava,®® Y.M. Kharzheev,3®
H. Kim,™ T.J. Kim,?' B. Klima,*® J.M. Kohli,?” J.-P. Konrath,?®> M. Kopal,”> V.M. Korablev,3® J. Kotcher,”®
B. Kothari,5” A. Koubarovsky,” A.V. Kozelov,?® J. Kozminski,%3 A. Kryemadhi,”” S. Krzywdzinski,*°
Y. Kulik,* A. Kumar,?® S. Kunori,®® A. Kupco,'' T. Kuréa,?® J. Kvita,® S. Lager,*® N. Lahrichi,'®
G. Landsberg,” J. Lazoflores,*® A.-C. Le Bihan,'® P. Lebrun,?® W.M. Lee,*® A. Leflat,3” F. Lehner,%?*

C. Leonidopoulos,5” J. Leveque,** P. Lewis,*? J. Li,"* Q.Z. Li,*® J.G.R. Lima,”! D. Lincoln,*® S.L. Linn,*®
J. Linnemann,% V.V. Lipaev,3® R. Lipton,*° L. Lobo,*? A. Lobodenko,3® M. Lokajicek,'' A. Lounis,'® P. Love,*!
H.J. Lubatti,”® L. Lueking,*® M. Lynker,>* A.L. Lyon,*® A.K.A. Maciel,! R.J. Madaras,*®> P. Mittig,?8
C. Magass,?! A. Magerkurth,%2 A.-M. Magnan,'® N. Makovec,'® P.K. Mal,2? H.B. Malbouisson,? S. Malik,5%
V.L. Malyshev,?® H.S. Mao,® Y. Maravin,*® M. Martens,*® S.E.K. Mattingly,”> A.A. Mayorov,?® R. McCarthy,5°
R. McCroskey,** D. Meder,?* A. Melnitchouk,%* A. Mendes,'® M. Merkin,3” K.W. Merritt,*> A. Meyer,?!

J. Meyer,?? M. Michaut,'® H. Miettinen,”® J. Mitrevski,5” J. Molina,? N.K. Mondal,?? R.W. Moore,® T. Moulik,%
G.S. Muanza,?° M. Mulders,* L. Mundim,? Y.D. Mutaf,%° E. Nagy,'®> M. Narain,’® N.A. Naumann,?* H.A. Neal,5?
J.P. Negret,® S. Nelson,*® P. Neustroev,?® C. Noeding,?®> A. Nomerotski,*® S.F. Novaes,* T. Nunnemann,?®



E. Nurse,*3 V. O’Dell,*? D.C. O’Neil,> V. Oguri,? N. Oliveira,? N. Oshima,*® G.J. Otero y Garzén,*® P. Padley,™
N. Parashar,’® S.K. Park,?! J. Parsons,%” R. Partridge,”® N. Parua,’® A. Patwa,’® G. Pawloski,”® P.M. Perea,*’

E. Perez,'® P. Pétroff,'6 M. Petteni,*? R. Piegaia,! M.-A. Pleier,%® P.L.M. Podesta-Lerma,3? V.M. Podstavkov,*’

Y. Pogorelov,®* M.-E. Pol,2 A. Pompos,”? B.G. Pope,%3 W.L. Prado da Silva,> H.B. Prosper,*® S. Protopopescu,”
J. Qian,%? A. Quadt,?? B. Quinn,%* K.J. Rani,?® K. Ranjan,?® P.A. Rapidis,*® P.N. Ratoff,*! S. Reucroft,5!

M. Rijssenbeek,%’ I. Ripp-Baudot,'® F. Rizatdinova,®” S. Robinson,*? R.F. Rodrigues,® C. Royon,'® P. Rubinov,*’
R. Ruchti,®* V.I. Rud,*” G. Sajot,'* A. Sanchez-Hernandez,>> M.P. Sanders,?® A. Santoro,®> G. Savage,*’

L. Sawyer,®® T. Scanlon,*? D. Schaile,?® R.D. Schamberger,5? Y. Scheglov,3? H. Schellman,?? P. Schieferdecker,?®
C. Schmitt,?8 C. Schwanenberger,?? A. Schwartzman,% R. Schwienhorst,®® S. Sengupta,*® H. Severini,

E. Shabalina,’® M. Shamim,®” V. Shary,'® A.A. Shchukin,?® W.D. Shephard,®* R.K. Shivpuri,?® D. Shpakov,5!
R.A. Sidwell,’” V. Simak,'° V. Sirotenko,*® P. Skubic,”? P. Slattery,’® R.P. Smith,*” K. Smolek,'° G.R. Snow,5
J. Snow,™" S. Snyder,” S. Séldner-Rembold,*? X. Song,?' L. Sonnenschein,!” A. Sopczak,*! M. Sosebee,™
K. Soustruznik,” M. Souza,? B. Spurlock,” N.R. Stanton,?” J. Stark,'* J. Steele,’® K. Stevenson,®® V. Stolin,3¢
A. Stone,”® D.A. Stoyanova,>® J. Strandberg,*® M.A. Strang,”* M. Strauss,”? R. Strohmer,2® D. Strom,??

M. Strovink,*® L. Stutte,*® S. Sumowidagdo,*® A. Sznajder,® M. Talby,'® P. Tamburello,** W. Taylor,’

P. Telford,*3 J. Temple,** M. Titov,?®> M. Tomoto,*® T. Toole,® J. Torborg,’* S. Towers,% T. Trefzger,?*

S. Trincaz-Duvoid,!” D. Tsybychev,*® B. Tuchming,'® C. Tully,%¢ A.S. Turcot,** P.M. Tuts,%" L. Uvarov,>
S. Uvarov,?? S. Uzunyan,®! B. Vachon,® P.J. van den Berg,® R. Van Kooten,?®> W.M. van Leeuwen,3 N. Varelas,?°
E.W. Varnes,** A. Vartapetian,” I.A. Vasilyev,>® M. Vaupel,?6 P. Verdier,?° L.S. Vertogradov,3® M. Verzocchi,*”
F. Villeneuve-Seguier,*? J.-R. Vlimant,'!” E. Von Toerne,>” M. Vreeswijk,?* T. Vu Anh,'® H.D. Wahl,*® L. Wang,5°

J. Warchol,®* G. Watts,”® M. Wayne,®* M. Weber,*® H. Weerts,%2 N. Wermes,?? M. Wetstein,®® A. White,*
V. White,*® D. Wicke,*® D.A. Wijngaarden,?* G.W. Wilson,?® S.J. Wimpenny,*” J. Wittlin,®® M. Wobisch,*°
J. Womersley,*® D.R. Wood,®! T.R. Wyatt,*> Q. Xu,%? N. Xuan,>* S. Yacoob,”? R. Yamada,*® M. Yan,®"
T. Yasuda,?® Y.A. Yatsunenko,?® Y. Yen,?6 K. Yip,’® H.D. Yoo,”® S.W. Youn,’? J. Yu,”* A. Yurkewicz,%’
A. Zabi,'® A. Zatserklyaniy,®® M. Zdrazil,%® C. Zeitnitz,2* D. Zhang,*® X. Zhang,”?> T. Zhao,® Z. Zhao,%?
B. Zhou,%? J. Zhu,% M. Zielinski,%® D. Zieminska,?® A. Zieminski,?® R. Zitoun,% V. Zutshi,®! and E.G. Zverev3”
(DO Collaboration)
L Universidad de Buenos Aires, Buenos Aires, Argentina
2LAFEX, Centro Brasileiro de Pesquisas Fisicas, Rio de Janeiro, Brazil
3 Universidade do Estado do Rio de Janeiro, Rio de Janeiro, Brazil
4 Instituto de Fisica Tedrica, Universidade Estadual Paulista, Sdo Paulo, Brazil
5 University of Alberta, Edmonton, Alberta, Canada, Simon Fraser University, Burnaby, British Columbia, Canada,
York University, Toronto, Ontario, Canada, and McGill University, Montreal, Quebec, Canada
S Institute of High FEnergy Physics, Beijing, People’s Republic of China
" University of Science and Technology of China, Hefei, People’s Republic of China
8 Universidad de los Andes, Bogotd, Colombia
9 Center for Particle Physics, Charles University, Prague, Czech Republic
10 Czech Technical University, Prague, Czech Republic
1 Center for Particle Physics, Institute of Physics, Academy of Sciences of the Czech Republic, Prague, Czech Republic
12 Universidad San Francisco de Quito, Quito, Ecuador
13 Laboratoire de Physique Corpusculaire, IN2P3-CNRS, Université Blaise Pascal, Clermont-Ferrand, France
4 Laboratoire de Physique Subatomique et de Cosmologie, IN2P3-CNRS, Universite de Grenoble 1, Grenoble, France
5 CPPM, IN2P3-CNRS, Université de la Méditerranée, Marseille, France
16 IN2P3-CNRS, Laboratoire de I’Accélérateur Linéaire, Orsay, France
" LPNHE, IN2P3-CNRS, Universités Paris VI and VII, Paris, France
18 DAPNIA /Service de Physique des Particules, CEA, Saclay, France
9 JReS, IN2P3-CNRS, Université Louis Pasteur, Strasbourg, France, and Université de Haute Alsace, Mulhouse, France
20 Institut de Physique Nucléaire de Lyon, IN2P3-CNRS, Université Claude Bernard, Villeurbanne, France
2M[II. Physikalisches Institut A, RWTH Aachen, Aachen, Germany
22 physikalisches Institut, Universitit Bonn, Bonn, Germany
23 Physikalisches Institut, Universitit Freiburg, Freiburg, Germany
2 Institut fiir Physik, Universitit Mainz, Mainz, Germany
2 Ludwig-Mazimilians- Universitdt Minchen, Minchen, Germany
26 Fachbereich Physik, University of Wuppertal, Wuppertal, Germany
2T panjab University, Chandigarh, India
28 Delhi University, Delhi, India
2 Tata Institute of Fundamental Research, Mumbai, India
30 University College Dublin, Dublin, Ireland



3! Korea Detector Laboratory, Korea University, Seoul, Korea
32CINVESTAV, Mezico City, Mexico
33 FOM-Institute NIKHEF and University of Amsterdam/NIKHEF, Amsterdam, The Netherlands
34 Radboud University Nijmegen/NIKHEF, Nijmegen, The Netherlands
35 Joint Institute for Nuclear Research, Dubna, Russia
36 Institute for Theoretical and Experimental Physics, Moscow, Russia
3T Moscow State University, Moscow, Russia
38 Institute for High Energy Physics, Protvino, Russia
39 petersburg Nuclear Physics Institute, St. Petersburg, Russia
4% Lund University, Lund, Sweden, Royal Institute of Technology and Stockholm University, Stockholm, Sweden, and
Uppsala University, Uppsala, Sweden
4! Lancaster University, Lancaster, United Kingdom
42 Imperial College, London, United Kingdom
3 University of Manchester, Manchester, United Kingdom
4 University of Arizona, Tucson, Arizona 85721, USA
45 Lawrence Berkeley National Laboratory and University of California, Berkeley, California 94720, USA
46 California State University, Fresno, California 93740, USA
A7 University of California, Riverside, California 92521, USA
48 Florida State University, Tallahassee, Florida 82306, USA
49 Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA
50 University of Illinois at Chicago, Chicago, Illinois 60607, USA
5! Northern Illinois University, DeKalb, Illinois 60115, USA
52 Northwestern University, Evanston, Illinois 60208, USA
58 Indiana University, Bloomington, Indiana 47405, USA
5 University of Notre Dame, Notre Dame, Indiana 46556, USA
55 Jowa State University, Ames, Iowa 50011, USA
56 University of Kansas, Lawrence, Kansas 66045, USA
5" Kansas State University, Manhattan, Kansas 66506, USA
58 Louisiana Tech University, Ruston, Louisiana 71272, USA
59 University of Maryland, College Park, Maryland 20742, USA
60 Boston University, Boston, Massachusetts 02215, USA
81 Northeastern University, Boston, Massachusetts 02115, USA
52 University of Michigan, Ann Arbor, Michigan 48109, USA
63 Michigan State University, East Lansing, Michigan 48824, USA
64 University of Mississippi, University, Mississippi 38677, USA
55 University of Nebraska, Lincoln, Nebraska 68588, USA
56 Princeton University, Princeton, New Jersey 08544, USA
57 Columbia University, New York, New York 10027, USA
68 University of Rochester, Rochester, New York 14627, USA
59 State University of New York, Stony Brook, New York 11794, USA
™ Brookhaven National Laboratory, Upton, New York 11978, USA
" Langston University, Langston, Oklahoma 73050, USA
"2 University of Oklahoma, Norman, Oklahoma 73019, USA
™8 Brown University, Providence, Rhode Island 02912, USA
™ University of Texas, Arlington, Texas 76019, USA
™5 Southern Methodist University, Dallas, Texas 75275, USA
"6 Rice University, Houston, Texas 77005, USA
" University of Virginia, Charlottesuille, Virginia 22901, USA
™8 University of Washington, Seattle, Washington 98195, USA

(Dated: June 24, 2005)

We present the results of a search for the effects of large extra spatial dimensions in pp collisions
at /s = 1.96 TeV in events containing a pair of energetic muons. The data correspond to 246
pb~! of integrated luminosity collected by the D@ experiment at the Fermilab Tevatron Collider.
Good agreement with the expected background was found, yielding no evidence for large extra
dimensions. We set 95% C.L. lower limits on the fundamental Planck scale between 0.85 TeV and
1.27 TeV within several formalisms. These are the most stringent limits achieved in the dimuon
channel to date.

PACS numbers: 04.50.+h, 04.80.Cc, 11.25.Mj, 13.85.Rm, 11.10.Kk, 13.40.Hq

In their 1998 paper, Arkani-Hamed, Dimopoulos, and Dvali (ADD) suggested that the seemingly unreachable



Planck energy scale (Mp; ~ 101 GeV) may be in fact
much lower, i.e. within the reach of current and planned
future colliders [1]. They postulated that the standard
model (SM) particles and gauge interactions are confined
to a three-dimensional “brane” embedded in a “multi-
verse”, which consists of the three standard plus n ad-
ditional compact spatial dimensions. However, gravitons
in this framework can propagate in the entire multiverse.
The gravitons propagating in compact extra dimensions
(ED) appear as a tower of Kaluza-Klein (KK) excited
modes from the point of view of the SM brane. Fur-
thermore, the radius of compactification (R) of ED in
the ADD model is much larger than either the Planck or
electroweak length, and may be as large as a millimeter.
Since gravitons are free to propagate in these large ED,
the gravitational interaction would appear suppressed on
the SM brane, due to the extra volume gravity now per-
meates. Consequently, while the apparent Planck scale is
~ 109 GeV, with respect to the 3+ n-dimensional space,
the fundamental Planck scale (Mg) can be as low as ~ 1
TeV, thus eliminating the hierarchy problem of the SM.

The phenomenological consequences of the ADD model
have been a subject of intense study in recent years. For
a review of the possible effects of large ED, ranging from
modification of Newtonian gravity to black hole produc-
tion at future colliders, see, e.g. Ref. [2, 3].

In this Letter, we describe a search for the effects of
large ED via virtual Kaluza-Klein graviton (Gkk) ex-
change in pp collisions resulting in the dimuon final state.
Technically, virtual graviton effects are sensitive to the
ultraviolet cutoff required to keep the divergent sum over
the KK states finite [4-6], rather than the fundamen-
tal Planck scale. As the two scales are expected to be
closely related, we do not distinguish between them in
this analysis. The search is based on 246 + 16 pb~! of
data collected in 2002-2004 by the D@ detector operat-
ing at the Fermilab Tevatron Collider at /s = 1.96 TeV.
We used the method of Refs. [7, 8], in which the dilepton
invariant mass (M) and the cosine of the scattering angle
(cos 6*) in the dilepton center of mass frame are analyzed
simultaneously for the effects of large ED. This is the first
search for large ED in the dimuon channel at a hadron
collider. Previous searches for virtual graviton effects in
various channels at LEP, HERA, and the Tevatron are
reviewed in detail in Ref. [3].

The dimuon production cross section in the presence
of ED is given by [4-6]:

d’o

— = : 2
dMdcos 0* fom + fint M6 + frx 1G5 (1)

where fsm, fint, and fxk are functions of (M, cos )
and denote the SM, interference, and Gk terms. The
effects of large ED are parametrized via a single variable
na = F /Mg, where F is a dimensionless parameter of
order unity. Three different formalisms for F explored in

this analysis:

F = 1, (GRW [4]); (2)

F = {lof (%) n=2 » (HLZ [5]); (3)
=, n>2

F = % :j:%, (Hewett [6]). (4)

In Eq. (4) A = £1 indicates whether virtual graviton
exchange interferes constructively or destructively with
SM processes. While virtual graviton exchange does not
depend strongly on n (the number of extra dimensions),
the HLZ formalism for F does explore this dependence
explicitly.

The D@ detector and its data acquisition system are
described in detail elsewhere [9]. Here we give a brief
description of the components used in the analysis. At
the center of the D@ detector is the central-tracking sys-
tem, which consists of a silicon microstrip tracker (SMT)
and a central fiber tracker (CFT). Both trackers are lo-
cated within a 2 T axial magnetic field [9], with designs
optimized for tracking and vertexing at pseudorapidities
Ina| < 3. The pseudorapidity 7 is defined as — In (tan %),
where 6 is the polar angle w.r.t. the proton-beam direc-
tion, as measured from the interaction vertex. We also
define 74, which is the pseudorapidity based on the polar
angle measured from the geometric center of the detec-
tor. The nearly-hermetic uranium/liquid-argon calorime-
ter is used to measure energies of electrons, photons, and
hadrons [10]. The muon system covers |7g| < 2 and con-
sists of a layer of tracking detectors and scintillation trig-
ger counters in front of 1.8 T iron toroidal magnets, fol-
lowed by two more similar layers of detectors outside the
toroids [11]. Luminosity is measured using plastic scin-
tillator arrays placed in the large ny (forward) region of
the detector.

The sample of candidate events used in the search was
collected with a set of triggers that require either one
or two muon candidates in the muon system. After de-
tailed event reconstruction an event must contain at least
two muon candidates, each matched with a track in the
central tracker which is used for muon momentum mea-
surement. The matching tracks were required to have
transverse momenta pr > 15 GeV, at least one hit in the
SMT, and at least nine hits in the CFT. The latter two re-
quirements ensure reliable momentum measurement, es-
pecially at high pr. To reduce background from cosmic
rays, we introduced additional quality criteria. Since cos-
mic muons are not correlated with the beam crossing, we
required the muon arrival time, as measured in the muon
system scintillation counters, to be within 10 ns (four
standard deviations) of the expected arrival time for an
ultrarelativistic particle produced in a pp collision in the
center of the detector [11]. Furthermore, dimuon events
that originate from a cosmic muon tend to be back-to-
back in 7. This is because the same cosmic muon is



reconstructed twice in the event, once when entering the
detector and once when leaving it. Consequently, dimuon
events from cosmic rays should have n; + 172 ~ 0. In
true dimuon events originating from pp collisions, the
two muons are generally not back-to-back in 7 due to a
longitudinal boost of the dimuon system. Therefore the
sum 11 + 72 was required to be away from zero by at least
five standard deviations of the Gaussian distribution as
observed in a cosmic ray sample. The signal efficiency
for this selection is (99 +1)%. After the above selections
the cosmic muon contamination in the candidate sample
is negligible.

Muons from graviton decay are expected to be iso-
lated from other energetic particles or jets. In contrast,
high pr muons from b and c¢ quark decays tend to be
non-isolated. To reduce this copious background, we re-
quired that each muon have: (i) Y r_ 5(pr) < 2.5 GeV,
where > . -(pr) is the scalar sum of the pr’s of all
additional tracks contained within a cone of radius R =

(An)? + (A¢)? = 0.5 [12] centered on the muon track;
and (ii) > r_o4(ET) — X r_0.1(Er) < 2.5 GeV, where
the E7’s are the transverse energies of the calorimeter
cells within the respective cones centered on the muon
track.

After all the selections are applied the efficiency per
muon is (80 4 4)%, as measured with Z — pp events.
This includes the efficiency for muon and track recon-
struction, track matching, number of tracker hits, cosmic
ray muon vetos, as well as the isolation selections.

Because this analysis focuses on very high-pr objects,
the most problematic background is that from mismea-
sured Drell-Yan (DY) events that appear to have very
high mass. This occurs because if a muon’s pr is mis-
measured toward a higher value it tends to be grossly
overmeasured. This is due to the resolution of the central
tracker, which is approximately Gaussian in 1/py. We re-
duce the effect by scaling the pr of each muon track to
a weighted average based on the original track pLT mea-
surement and its uncertainty. This procedure assumes
the two muons’ transverse momenta should be equal.
For high mass objects such as a KK graviton the equal
momenta assumption would be accurate. The following
equation illustrates the procedure:

1 1 |wi/pr + ews/pr,| (5)

Py, P, wy + wa '
where pr, , are the original p7’s of the two muons, w; 2 =
1/0%(1/pr, ,) are the Gaussian weights, and o(1/pr, ,)
is the uncertainty on 1/pr, , measured from the shape
of the Z boson peak. In the equation above ¢ = +1 for
muon pairs with opposite charge and ¢ = —1 for same
charge muon pairs. This search does not require that the
two muons have opposite signs, because the efficiency of
such a requirement degrades quickly at high masses and
the requirement does not reduce the already low back-
ground there.

Based on the values of 1/p/. and the original angular
information, a new momentum was calculated for the
two muons in the event. The same procedure was also
applied to the simulated signal and background. After
the reweighting was done we required the dimuon mass
M to be greater than 50 GeV, which resulted in a final
candidate sample of 17,128 events, most of them in the
vicinity of the Z boson peak.

We modeled the effects of large ED via the parton-
level leading-order (LO) Monte Carlo (MC) generator of
Ref. [7], augmented with a parametric simulation of the
D@ detector. The simulation takes into account detec-
tor acceptance and resolution for muons. The generator
includes effects of initial state radiation as described be-
low, and different parton distribution functions (PDF).
We used the leading order CTEQ5L [13] PDF to estimate
the nominal prediction. The parameters of the detector
model were tuned using Z — up events. The simula-
tion includes SM DY contributions (Z/~*), Kaluza-Klein
graviton exchange diagrams, and their interference.

Since the MC generator contains only the LO parton-
level processes, we modeled next-to-leading order (NLO)
effects by adding a transverse momentum to the dimuon
system. The model is based on the transverse momen-
tum spectrum of dielectron candidates observed in the
calorimeter, which provides better high energy resolution
capablity than that of the central tracking system. Since
the parton-level cross section is calculated at LO, we ac-
counted for the NLO enhancement in the SM background
by scaling the cross sections by a constant K-factor of
1.34 [14]. We assigned a £5% systematic uncertainty on
the value of the K-factor to account for its mass depen-
dence. We assumed the same constant K-factor for the
ED signal. Recent NLO calculations of the virtual gravi-
ton exchange cross section [15] showed that such a choice
of signal K-factor is a reasonable assumption.

The main SM source of isolated dimuons is DY pro-
duction, which was modeled via the MC discussed above.
Other SM sources (such as bb, Zy, WW, Z — 77, and
tt production) are negligible, as they either have small
cross sections compared to that for DY or are eliminated
by the event selection. The SM DY background predic-
tion reproduces the main kinematic characteristics of the
candidate sample, as illustrated in Fig. 1.

Figure 2 shows the two-dimensional distribution in M
vs. |cos §*| for the SM background (other backgrounds
are negligible and ignored), the sum of the background
and an ED signal of ng = 3 TeV ™%, and the data. The
data agree with the background prediction and do not
exhibit evidence for large ED, which would produce an
excess of events at high mass. The two highest-mass
events, while having properties typical for the signal, are
still in good agreement with the SM predictions alone.
To further illustrate the agreement between the SM back-
ground and data, Fig. 3 shows the one-dimensional mass
distribution. For reference the background prediction is
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FIG. 1: Comparison of data (circles with error bars) and SM predictions (histogram) in pr, 74, and ¢ [12] of the muons in the
event. The dips in the azimuthal angle reflect detector acceptance.
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FIG. 2: Two-dimensional distributions in the dimuon mass vs. | cos§*| for: a) SM background, b) the sum of the SM and large

ED contributions for ng = 3 TeV74, and c) data.

4 events for masses greater than 400 GeV and we see 3
events in the data.

We set limits on the fundamental Planck scale Mg via
a Bayesian fit to the data with the full signal cross sec-
tion given by Eq. (1) in the entire (M, |cos6*|) plane
shown in Fig. 2. The fit parameter ng was assumed to
have a flat prior distribution. Systematic uncertainties
on signal and background were accounted for in the fit
and include K-factor shape (5%), the modeling of the pr
smearing in the MC (6%), the dependence on the choice
of PDF (5%), pr dependence of the muon efficiency (5%),
and the MC to data normalization fit (1%). The latter
uncertainty accounts for the fact that we used Z — pp
events in the signal sample to find the overall normaliza-
tion for the MC predictions, which reduced significantly
the overall uncertainty on the product of the efficiencies
and the integrated luminosity. This normalization was
done in the Z boson mass peak region from 50 GeV to
120 GeV.

The best estimates of the parameter 7g found in this
analysis are:

ne =000 T9-32 Tev=1 (55 > 0) (6)

ng = —0.36 £0.35 TeV™* (ng < 0), (7)

which are fully consistent with the SM value of ng = 0.
From this the one-sided 95% C.L. limits on 7ng are:

ng < 0.76 TeV™ (ng > 0) (8)
ne > —0.84 TeV™ (ng <0). (9)

Our results are in good agreement with the expected sen-
sitivity, as obtained by an ensemble of MC trial exper-
iments (0.76 TeV~* for ng > 0). The use of both the
mass and angular variables in the fit allowed for ~ 7%
improvement in the sensitivity to ng.

We express these results in terms of limits on the fun-
damental Planck scale within the three formalisms of
Egs. (2)—(4). In the formalism of Hewett [6], both signs
of ng are possible and therefore both limits, (8) and (9),
are relevant. In the other two formalisms [4, 5], ng is
always positive, and only the first limit is relevant. For
the HLZ formalism, the case of n = 2 is special since F,
and therefore g, depend on M?2. To relate ng to Mg for
n = 2, we used an average M? for the Gk term at the
Tevatron of (0.64 TeV)? [7]. The limits are summarized
in Table I.

In summary, we have performed the first search for
large extra spatial dimensions in the dimuon channel at
hadron colliders by looking for effects of virtual Kaluza-
Klein gravitons. We found no evidence for large ED in
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TABLE I: Lower limits at the 95% C.L. on the fundamental
Planck scale, Mg, in TeV.

GRW HLZ Hewett
n=2n=3 n=4 n=5n=6 n=7 | A=+4+1 A=-1
1.07 | 1.09 1.27 1.07 0.97 0.90 0.85 0.96 0.93

this channel with ~ 250 pb~! of data collected in Run
IT of the Fermilab Tevatron Collider. We set a 95% C.L.
upper limit of 0.76 TeV~—* on the parameter 1 that de-
scribes the strength of the ED effects. This result corre-
sponds to limits on the fundamental Planck scale ranging
between 0.85 and 1.27 TeV for several formalisms and
numbers of large ED. For comparison LEP’s DELPHI
experiment has a limit on Mg in dimuon production of
0.73 TeV in Hewett’s A = +1 formalism [3]. The limits
from this analysis represent the most restrictive achieved
in the dimuon channel to date. Results presented here
also represent the most precise test of high mass SM
Drell-Yan production in this channel at a hadron collider.
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